We report our studies on single-picosecond electrical pulse switching of YBa 2 Cu 3 O 7−x (YBCO) grain-boundary bicrystal Josephson junctions. The test structures consisted of coplanar strip (CPS) transmission lines that were patterned in 50 nm thick YBCO films prepared on (100) MgO bicrystal substrates. Each CPS contained a 5 µm wide, 10 µm long microbridge and a 5 µm wide grain-boundary Josephson junction. A train of 100 fs wide optical pulses from a Ti:sapphire laser was used to excite the microbridge and generate ∼2 ps wide electrical pulses, which were then applied to switch the junction. The junction response was studied at 20 K using a cryogenic electro-optic sampling system. We measured a 0.65 ps wide, single-flux-quantum pulse generated by the junction as well as a 0.7 ps junction turn-on delay time. Junction switching and turn-on delay time have been compared with numerical simulations.
Introduction
Josephson junction response to a picosecond input pulse has been studied both theoretically [1] [2] [3] [4] and experimentally [5, 6] . In [1] , minimum input-pulse duration τ p necessary for junction switching was shown to be τ p ∼ ( 0 C J /I c ) 1/2 , where 0 is the magnetic flux quantum, C J junction capacitance, and I c critical current. A short junctionswitching time τ is essential for proper performance of digital electronic circuits and can be expressed as τ = τ D +τ R , where τ D and τ R , are the junction-transient turn-on delay and rise time, respectively [2] . For small bias-current overdrive δ, of the I c (δ < 0.5I c ), τ D = ω [2] .
For junctions with β c 1, dynamic reduction of I c may result in junction switching at I b < I c [3] . In the case of YBa 2 Cu 3 O 7−x (YBCO) Josephson junctions, however, β c < 1 because of small junction capacitance, and the effect of I c suppression can be neglected. When excited above I c , a nonhysteretic junction generates a single-flux-quantum (SFQ) pulse of amplitude ∼2I c R N and pulse width ∼ 0 /2I c R N [4] . Direct measurement of a SFQ pulses using an electrooptic (EO) sampling technique has been reported in [5] . In the experiment, an Nb-Si-Nb photodiode was excited with a 100 fs optical pulse and generated a few ps wide electrical transient, which was next shaped by the two resistively shunted Nb tunnel junctions into a single SFQ pulse. The SFQ pulse was subsequently launched into an Nb microstrip transmission line and was directly measured using the EO sampler.
Recently, we observed a single-picosecond electrical response of a current-biased YBCO microbridge exposed to a femtosecond optical pulse [7] . In [8] we used a YBCO microbridge-generated pulse to switch a bicrystal Josephson junction in a similar manner to that in the Nb tunnel junction experiment described above. In this paper, we present experiments and simulations of the YBCO junction switching triggered by a few-picosecond long electrical pulses.
Experiment
The test structures, consisting of coplanar strip (CPS) transmission lines, were fabricated on (100) MgO bicrystal substrates, using a standard laser ablation technique and ionbeam etching. YBCO films 50-100 nm thick were deposited at the substrate temperature 800
• C at the ambient oxygen pressure of 0.35 mbar. The deposition was followed by an annealing cycle in pure oxygen. Next, a 50 nm thick gold layer was sputtered in situ on top of the YBCO thin film at room temperature at an argon pressure of 0.05 mbar. The test structures were prepared in a two-step process: First, they were photolithographically defined and then etched with a low current density (1 mA cm −2 ) ion argon beam. In the second step, the Au layer was removed from the top of the junction and bridge areas, using the same low-intensity ion etching. As a result, 8 mm long transmission-line structures, containing 10 µm × 5 µm bridges and 5 µm wide bicrystal Josephson junctions, were fabricated. The long CPS was chosen to restrict the end-of-line reflections, assuring a 50 ps long reflection-free measurement time window.
A schematic of our test structure and the equivalent circuit are shown in figure 1. We note that the test structure is not a Josephson junction transmission line [4] , but rather a high characteristic impedance (80 ) CPS line with the junction electrodes representing high inductance. Our optical system for the femtosecond pulse excitation and EO sampling detection is described in detail in [8] . Briefly, a modelocked Ti:sapphire laser, operating at a repetition rate of 76 MHz, was used to generate 100 fs pulses at a wavelength of 790 nm. To perform EO characterization, the laser beam was split into two paths: a frequency-doubled excitation beam was used for inducing the photoresponse in the bridge, while an 800 nm sampling beam monitored the electric field penetrating an EO (LiTaO 3 ) crystal during the electrical pulse propagation. The sampling beam was time delayed with respect to the excitation beam by a computer-controlled translation stage, directed between the coplanar lines through the LiTaO 3 crystal less than 100 µm away from the junction and reflected to the analyser by a high-reflectivity dielectric coating (see figure 1) . By varying the relative delay between photoresponse generation (excitation beam) and the signal probing (sampling beam), the whole time-domain waveform could be resolved. The samples were mounted in a continuous-flow helium optical cryostat. All the experiments were carried out using current and voltage sources for the junction and the microbridge biasing.
Results and discussion
The ∼2 ps pulse with the amplitude equal to ∼0.4I c , generated by microbridge photoexcitation was applied to the junction; the resulting signal was EO detected approximately 50 µm after the junction (figure 1). To elicit a junction response from the measured output, we biased our junction at zero I c and +0.7I c and recorded the signal. Figure 2(a) shows normalized transient responses from the junction at zero I c (broken curve), +0.7I c (thin full curve), and the curve obtained as a subtraction of the zero I c from the +0.7I c signal (thick full curve). We note that the initial, positive part of each response almost overlaps, while some differences are visible in the negative part. Figure 2 (b) shows JSPICE [9] simulations of the equivalent circuit (figure 1). The thin full and broken curves represent the circuit response for junction bias I b = 0.7I c and for I b = 0I c , respectively. The thick full curve has been obtained by subtracting the two above-mentioned signals.
Comparison of the experimental result with the simulation ( figure 2(b) ) shows that the experimental curve ( figure 2(a) ) obtained by signal subtraction indeed contains information about junction switching overlapped with response of the high-inductance junction leads. We note that at 20 K, I c R n ≈ 2 mV; thus, the SFQ amplitude is expected to be ∼4 mV, which leads to an approximately 0.5 ps SFQ width, in good agreement with our observation. Figure 3 shows JSPICE simulations of the equivalent circuit for the zero lead inductance and for L lead = 2 pH. The L lead = 0 pH case ( figure 3(a) ) illustrates an intrinsic response of the junction to the ∼2 ps FWHM pulse, as well as junction turn-on delay dependence on the I c overdrive. Junctions in all simulations were biased at 0.7I c . Figure 3 
Conclusion
Picosecond electrical pulses, optically generated by a voltage-biased YBCO microbridge, were used to switch a YBCO bicrystal Josephson junction placed in the superconducting coplanar transmission line. The measured transients (for 0.7I c junction bias) contained both junction response plus the signal due to the high lead inductances, but the junction response could be separated by subtracting the zero-bias trace from the 0.7I c signal. As a result, we were able to observe subpicosecond switching of the HTS Josephson junction as well as measure the junction turnon delay time. Our results demonstrate that, by using the EO sampling technique, it is possible to study in detail the characteristics of Josephson junction transient response. JSPICE simulations, based on the CPS equivalent circuit, suggest the necessity for fabrication of structures with low-inductance Josephson junction leads for more-direct observations of the junction dynamics.
